1.. Introduction {#S001}
================

Reactive oxygen species (ROS) include hydrogen peroxide (H~2~O~2~), the hydroxyl radical (^•^OH), superoxide ($O_{2}^{-}$), and singlet oxygen (O=O). They have double-edged effects in cells. Low levels of ROS function as important physiological regulators of intracellular signaling pathways \[[@CIT0001]\]. However, high levels of ROS induce oxidative damage to cell viability, cell cycle, and cellular morphology, which may trigger apoptosis and probably cancer-causing mutations \[[@CIT0002]\]. In addition to being a ROS, H~2~O~2~ is also a second messenger \[[@CIT0006]\]. Growth factors such as Platelet derived growth factor (PDGF), Epidermal growth factor (EGF), Fibroblast growth factor (FGF), and Vascular endothelial growth factor(VEGF) induce downstream effects on the phosphorylation of tyrosine via H~2~O~2~ production \[[@CIT0007]\]. In addition, the mitogen-activated protein kinase (MAPK) signaling pathway, which includes the extracellular regulated protein kinases1/2 (ERK1/2), c-Jun N-terminal kinases (JNK), and p38 regulatory pathways, is also activated by H~2~O~2~ \[[@CIT0008]\].

Protein phosphatase 2A (PP2A), a major serine/ threonine phosphatase, is composed of three functionally distinct subunits: a scaffolding/structural subunit (A), a variable regulatory subunit (B), and a catalytic subunit (C), which controls numerous cellular processes involved in metabolism, translation, ion transport, development, inflammation, and cell growth, differentiation, and apoptosis \[[@CIT0009],[@CIT0010]\]. PP2A also interacts with numerous protein kinases implicated in oxidative stress, including calcium-calmodulin-dependent protein kinase, protein kinase B/AKT \[[@CIT0011]\], and mitogen-activated protein kinase family members \[[@CIT0012],[@CIT0013]\]. Leucine carboxyl methyltransferase-1 (LCMT1) is an important methyltransferase that methylates the catalytic C subunit of PP2A (PP2Ac) at Leu309, which is crucial for the ability of PP2A to form heterotrimers \[[@CIT0014]\]. In the previous study, we have showed that LCMT1-dependent PP2Ac methylation arrests H~2~O~2~-induced cell oxidative stress damage \[[@CIT0015]\]. The objective of this study is to further explore its possible mechanism of LCMT1-dependent PP2Ac methylation arrests H~2~O~2~-induced cell oxidative stress damage by by quantitative proteomics and phosphoproteomics analysis.

Changes in protein expression and protein phosphorylation represent a common response to H~2~O~2~ or to LCMT1 overexpression, and the relative quantification assessment of these changes may reveal important clues to explain LCMT1 localization in oxidative stress. In our study, these changes were evaluated using isobaric tags for relative and absolute quantitation (iTRAQ) combined with LC-MS/MS analysis. As expected, LCMT1 overexpression induced a general dephosphorylation of proteins. In addition, our work revealed that LCMT1 overexpression deeply changed the characteristics of the response to H~2~O~2~, and LCMT1 overexpression-specific proteins under H~2~O~2~ treatment were closely related to the changes induced by H~2~O~2~. Overall, these data indicated that LCMT1 overexpression had a positive influence on oxidative stress, and we hope this study will provide proteomics and phosphoproteomics insights into the possible mechanism of LCMT1 overexpression in countering oxidative stress.

2.. Materials and methods {#S002}
=========================

2.1.. Cell culture, treatment and transfection {#S002-S2001}
----------------------------------------------

Human embryonic kidney 293 (HEK293) cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China and cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Excell Bio), 100 U/mL penicillin and 100 mg/mL streptomycin at 37°C with 5% CO~2~. To construct the model of oxidative stress, the cells were incubated for 1 h at 37°C with 2 mm H~2~O~2~ in a 6-well dish. DNA transfection was performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer\'s instructions. In brief, HEK293 cells (5.0 × 10^5^ cells) were seeded in a 6-well dish and incubated with a mixture of 2.5 µg of purified plasmid DNA and 200 µl DNA-lipid complex for 48 h. The construct used for transfection was the LCMT1 (NM_016309) overexpression vector. Control cells were generated by transfection with PCDNA3.0.

2.2.. Cell viability assay with Alamar Blue {#S002-S2002}
-------------------------------------------

The HEK293 cells were plated in 96-well plates at a density of 2 × 104 per well. After 24 h of culture, the cells were stimulated for 1 h with various concentrations (1, 2, 4, 8 or 16 mM) of H~2~O~2~ and then incubated with 1% Alamar Blue for 4 h. The optical density (OD) was determined on a plate reader (EL-800, BioTek, Winooski, VT, USA) at wavelengths of 570 and 600 nm. Lastly, the amount of reduced Alamar Blue present, reflecting cell viability, was calculated with the formula \[AR570 = A570 --(A600 × RO), RO = AO570/AO600\], and the values were expressed as a percentage of the control (untreated cells).

2.3.. Western blot analysis {#S002-S2003}
---------------------------

The cells were lysed in cell lysis buffer (Beyotime, Shanghai, China) with 1 mM PMSF. Protein concentrations were detected with the BCA Protein Assay Kit (TaKaRa, Shiga, Japan). Then, the supernatant was diluted in 2xSDS loading buffer and boiled for 5 min. Equivalent amounts of proteins from each sample were separated by 10% SDS-PAGE and transferred to a 0.45 μm PVDF membrane (Millipore, Burlington, MA, USA). The membranes were first blocked in 5% dried skim milk for 30 min, then incubated overnight with the primary antibodies at 4°C, washed with TBST three times, and then incubated with horseradish-conjugated AffiniPure IgG as the secondary antibody for 2 h at room temperature. After 3 washes of 15 min each, the membranes were visualized using an ECL (enhanced chemiluminescence) detection system (Pierce, Rockford, IL, USA). In this study, the following antibodies were used: (1) mouse anti-LCMT1 monoclonal antibody (Origene, Rockville, MD, USA); (2) rabbit anti-PP2A-alpha monoclonal antibody (Abcam, UK); (3) mouse anti-β actin (ZSGB-BIO, Beijing, China); and (4) mouse anti-demethylation-PP2A-C (Santa Cruz, CA, USA).

2.4.. Protein/phosphoprotein sample preparation {#S002-S2004}
-----------------------------------------------

Proteins were extracted using NitroExtraTM (N-Cell Technology, Shenzhen, China) with Protease and phosphatase inhibitor cocktail (Beyotime, China). After 2 h centrifugation at 103,745×*g* and 10°C, the supernatant was precipitated with cold acetone at a ratio of 1:3 (sample:acetone) at −20°C overnight. The precipitated protein was washed twice with cold acetone and finally resuspended in 8 M urea after being air dried. Then, the proteins were resuspended in 8 M urea and reduced with 20 mM DTT in 60°C for 1 h. The proteins were then alkylated with 40 mM IAA at room temperature for 30 min while protected from light. The alkylation reaction was quenched by 10 mM DTT. Samples were diluted to 2 M urea with HPLC-grade water. The protein concentration of each sample was determined by the modified Lowry's assay (BioRad, Hercules, CA, USA) with the use of bovine serum albumin (BSA) to construct a calibration curve. An appropriate amount of trypsin was then added to the sample at an enzyme-to-substrate ratio of 1:100. Digestion was performed in 100 mM triethylammonium bicarbonate (Sigma, St. Louis, MO, USA) at 37°C for 18 h. The digested proteins were desalted on a C18 column and dried in a spin vacuum.

2.5.. Phosphoprotein enrichment for phosphoproteomics {#S002-S2005}
-----------------------------------------------------

Phosphopeptides were enriched from 400 μg digested protein samples using TiO~2~ particles based on the manufacturer's protocol (GL Science, 5020-75000). Repeated rounds of phosphopeptide enrichment were performed to maximize the amount of phosphopeptides enriched from the sample. The enriched phosphopeptides were preliminarily analyzed by LC-MS/MS (see below for details) to ensure an optimal level of enrichment efficiency. The phosphopeptides were then desalted and dried in a spin vacuum for subsequent analysis.

2.6.. iTRAQ labeling {#S002-S2006}
--------------------

In this study, phosphoproteomics and proteomics trials were separately implemented in two independent iTRAQ 4-plex experiments. First, 100 µg of desalted peptides from each condition was chemically labeled with iTRAQ 4-plex reagent (4352135) in 100 mM TEAB according to the manufacturer's protocol. An appropriate amount of isopropanol was added to each iTRAQ reagent tube so that when the sample was added, the mixture was at least 70% isopropanol. Each reagent tube was fully mixed with the sample by vortexing. The pH of the combined sample was checked again to make sure the final pH was between pH 7--10; if not, 1 M TEAB was added to adjust the pH. The labeling reaction was allowed to proceed at room temperature for 2 h. Balanced mix of the differentially labeled samples were then dried in a spin vacuum for C18 desalting.

2.7.. Strong cation exchange (SCX) peptide fractionation {#S002-S2007}
--------------------------------------------------------

After desalting, the labeled peptide samples were re-suspended in SCX Buffer A (10 mM KH2PO3, 20% ACN, pH 2.7). SCX was performed with a PolySULFOETHYL A™ (200 × 4.6 mm, 200A) column using a step gradient (0--10 min: 0% B, 29 min: 15% B, 44 min: 45% B, 46--53 min: 100% B) of Buffer A and Buffer B (10 mM KH~2~PO~3~, 20% ACN, 0.6 M KCl, pH 2.7) and a flow rate of 1 min/ml. In total, 53 × 1 ml fractions were collected. They were further combined into 10 fractions based on the number of proteins identified in each 5 min fraction (5, 10, 15, etc.). Each fraction was desalted with ZipTip (Cat. ZTC18S960, Millipore) and dried in a spin vacuum for LC-MS/MS analysis.

2.8.. LC-MS/MS analysis {#S002-S2008}
-----------------------

Each dried peptide sample was dissolved in 12 µl of 0.1% FA. The sample was analyzed by nanoLC-MS/MS using an Eksigent ekspert™ nanoLC 425 system coupled to an AB Sciex TripleTOF^®^ 6600 System (Sciex, Washington, DC, USA). After each sample was loaded, the peptide was trapped (ChromXP nanoLC Trap column 350 μm id × 0.5 mm, ChromXP C18 3 μm 120 Å) and eluted at a flow rate of 300 nl/min into a reverse phase C18 column (ChromXP nanoLC column 75 μm id × 15 cm, ChromXP C18 3 µm 120 Å) using a linear gradient of acetonitrile (3--36%) in 0.1% formic acid with a total runtime of 120 min including mobile phase equilibration. Mass spectra and tandem mass spectra were recorded in positive-ion and 'high-sensitivity' mode with a resolution of ∼35,000 full-width at half-maximum. The nanospray needle voltage was typically 2300 V in HPLC-MS mode. After the acquisition of ∼5--6 samples, the TOF MS spectra and TOF MS/MS spectra were automatically calibrated during dynamic LC-MS & MS/MS auto-calibration acquisitions with the injection of 25 fmol alcohol dehydrogenase. For collision-induced dissociation tandem mass spectrometry (CID-MS/MS), the mass window for precursor ion selection of the quadrupole mass analyzer was set to ± 2 *m/z*. The precursor ions were fragmented in a collision cell using nitrogen as the collision gas. Advanced information dependent acquisition (IDA) was used for MS/MS collection on the TripleTOF 6600 to obtain MS/MS spectra for the 20 most abundant and multiply charged ions (*z* = 2, 3 or 4) following each survey MS1 scan, typically allowing 250 msec acquisition time per MS/MS. Dynamic exclusion was set for 30 s after 2 repetitive occurrences.

2.9.. Data analysis {#S002-S2009}
-------------------

Raw data files were converted to Mascot Generic Format (MGF) and mzXML format using OpenMS. The MGF files were searched against the Oryza Sativa NCBI and common MS contaminant databases using the Mascot (Matrix Science) software. Caramidomethylation (+57 Da) was added as a fixed modification, while iTRAQ-4Plex (K/N), Oxidation (M), Phospho (ST) and Phospho (Y) were added as variable modifications. A maximum of 2 trypsin miscleavages was allowed. Peptides were assumed to have charges of 2+, 3+ or 4+. The instrument type selected was ESI-QTOF. The mass input was assumed to be monoisotopic mass. A decoy database was used for the estimation of the false discovery rate (FDR), and FDR was set to 5%. Mascot search results were exported into DAT files. Protein fold change between conditions was calculated by comparing the different iTRAQ labeling's signal intensity. The ratio of each protein is given by the mean of the protein ratios measured from all replicates. A student's t-test was performed to test the significance of protein ratios and Benjamini-Hochberg multiple hypothesis test correction is employed to correct the *p*-values. Proteins with fold change \>1.2 or \<0.83 and *p *\< 0.05 were considered to have a significantly different expression. The thresholds used to determine the significance of the differences were '*p *\< 0.05, fold change \>1.5 or \<0.67' in phosphopeptides. Venn's diagrams were drawn based on ggplot2 package in the R environment that was used to describe the intersection of differentially expressed protein between different groups. In brief, differentially expressed proteins were divided into upregulated proteins and downregulated proteins. And then, the intersection number of upregulated or downregulated proteins sets in different groups were calculated out and used to draw diagrams.

3.. Results {#S003}
===========

3.1.. LCMT1 arrests H~2~O~2~-induced damage in HEK293 cells {#S003-S2001}
-----------------------------------------------------------

Hydrogen peroxide (H~2~O~2~) is generated as a byproduct of many enzyme-catalyzed physiological and pathological processes and is the main type of reactive oxygen species causing oxidative damage. We found that H~2~O~2~ induced a substantial reduction in PP2Ac methylation and increase in demethylation without affecting the level of total PP2A at concentrations of 1--4 mM ([Figure 1](#F0001){ref-type="fig"}(A)). LCMT1 overexpression led to a significant increase in LCMT1 expression and downregulation of demethylated PP2Ac in HEK293 cells after H~2~O~2~ treatment ([Figure 1](#F0001){ref-type="fig"}(B)). Moreover, LCMT1 overexpression rescued the decline in cell viability, as detected by Alamar Blue reagent, under oxidative stress ([Figure 1](#F0001){ref-type="fig"}(C)). Figure 1.Effect of LCMT1 overexpression on H~2~O~2~-induced demethylation of PP2Ac and cell viability damage. (A) LCMT1-overexpressing and vector control cells were treated with H~2~O~2~ at different concentrations for 60 min. The protein levels of total PP2Ac and demethylated PP2Ac were detected in two cell lines. Each condition has three biological repeats. Significance was determined by a One-way ANOVA followed by Tukey post-hoc test. \* compared to the VECTOR control, *p* \< 0.05; \*\* *p* \< 0.01; (B) LCMT1, total PP2Ac, and demethylated PP2Ac levels were compared in LCMT1-overexpressing and vector control cells (**C**) Cell viability was determined with Alamar Blue for 4 h after 1 h exposure to H~2~O~2~. Significance was determined by a One-way ANOVA followed by Tukey *post hoc* test. \* compared to the VECTOR control, *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001.

3.2.. Quantitative proteomics and phosphoproteomics profiles by iTRAQ combined with LC-MS/MS analysis {#S003-S2002}
-----------------------------------------------------------------------------------------------------

To explore the mechanism of LCMT1 against oxidative stress, quantitative proteomics and phosphoproteomics experiments were performed based on iTRAQ. Four samples were prepared from non-treated vector control, 2 mM H~2~O~2~ treated vector control for 60 min, non-treated LCMT1-overexpressing cells and 2 mM H~2~O~2~ treated LCMT1-overexpressing cells for 60 min. For the quantitative proteomics profiles, a total of 4480 non-redundant proteins were identified by 3 replicates of iTRAQ coupled with LC-MS/MS analysis. Meanwhile, 3801 unique phosphopeptides and 1596 phosphoproteins were identified by the quantitative phosphoproteomics experiment. [Table 1](#T0001){ref-type="table"} lists the numbers of differentially expressed and phosphorylated proteins in different relative quantitative groups. Table 1.Numbers of differentially expressed proteins and phosphorylated peptides in different groups.iTRAQ labeling comparisonGroup comparisonAbbreviationDifferentially expressed proteinsDifferentially phosphorylated peptides116/114Vector/LCMT1V/L233716116/117Vector/Vector-H~2~O~2~V/V-H164745114/115LCMT1/LCMT1-H~2~O~2~L/L-H364505117/115Vector-H~2~O~2~/LCMT1-H~2~O~2~V-H/L-H200534Notes: Vector/ LCMT1: compare vector control cells and LCMT1 overexpression cells; Vector/Vector-H~2~O~2~: compare vector control cells with or without H~2~O~2~ treatment; LCMT1/LCMT-H~2~O~2~: compare LCMT1 overexpression cells with or without H~2~O~2~ treatment; Vector-H~2~O~2~/LCMT1-H~2~O~2~: compare vector control cells under H~2~O~2~ treatment with LCMT1 overexpression cells under H~2~O~2~ treatment.

Following H~2~O~2~ treatment, 164 proteins were differentially expressed in vector control cells, of which 72 proteins were upregulated and 92 were downregulated. In the LCMT1-overexpressing cells, 364 proteins were differentially expressed, of which 225 were upregulated and 139 were downregulated ([Figure 2](#F0002){ref-type="fig"}). Twenty-three proteins showed similar response patterns (fifteen upregulated and eight downregulated) in both cell lines under H~2~O~2~ treatment. In addition, we found that a higher proportion (59.4%) of peptides was phosphorylated by H~2~O~2~ in LCMT1-overexpressing cells than the 37.77% in vector control cells. It is known that protein expression and protein phosphorylation play a fundamental role in the intracellular signal transduction that regulates cell survival, proliferation, and metabolism in response to oxidative stress. These differences in the overlap of differentially expressed and phosphorylated proteins indicated that LCMT1 overexpression indeed had an influence on oxidative stress. Figure 2.Venn diagram representing the overlap of H~2~O~2~-specific differentially expressed proteins in vector control and LCMT1-overexpressing cells. (A) Proteins downregulated under H~2~O~2~ stress. (B) Proteins upregulated under H~2~O~2~ stress.

3.3.. The differential characteristics of the response to H~2~O~2~ between the vector control and LCMT1-overexpressing cells {#S003-S2003}
----------------------------------------------------------------------------------------------------------------------------

These differentially expressed proteins and differentially phosphorylated proteins were integrated and classified into three sets of ontologies, biological process, molecular function and cellular component, by searching the Gene Ontology in the David (<https://david.ncifcrf.gov/>) database \[[@CIT0016],[@CIT0017]\]. GO annotation comparison was performed to explain the differential characteristics of the response to H~2~O~2~ between the vector control and LCMT1-overexpressing cells ([Figure 3](#F0003){ref-type="fig"}). We specifically focused on differential GO terms between V/V-H and L/L-H, which might be associated with the impact of LCMT1 overexpression on oxidative stress. We found that these GO terms were mainly related to protein phosphorylation, protein expression, the cytoskeleton and cell division. Figure 3.Comparison of GO terms for H~2~O~2~-specific regulated protein expression in vector control and LCMT1-overexpressing cells. All terms were filtered by *P* \< 0.001. (A) Biological processes. (B) Molecular function. (C) Cellular components.

These GO terms related to protein phosphorylation and protein expression were detected in V/V-H and L/L-H. GO annotation analysis indicated that differentially expressed and phosphorylated proteins were involved in more terms related protein expression in L/L-H ([Figure 3](#F0003){ref-type="fig"}). Corresponding, the number of differentially expressed proteins in L/L-H was 2.2 times higher than that in V/V-H. However, the number of phosphorylated proteins in L/L-H was lesser than that in V/V-H. The variance between GO term related phosphorylated proteins and the number of phosphorylated proteins might be due to the opposite regulation of phosphorylated proteins between LCMT1 and H~2~O~2~. In terms of the cytoskeleton, as shown in [Figure 3](#F0003){ref-type="fig"}, 'dynein complex', 'cytoskeleton' and 'cytoplasm microtubule' were only detected in V/V-H. However, 'microtubule cytoskeleton organization' and 'actin filament' were only detected in L/L-H. It is known that H~2~O~2~ can induce cell morphological changes, which must require substantial cytoskeletal rearrangement. Furthermore, it is reported that GTPases, especially Rho GTPases, act as signaling centers to regulate the cytoskeleton \[[@CIT0018],[@CIT0019]\]. Correspondingly, 'GTP binding' and 'GTPase activity' were also only detected in L/L-H, which indicated that LCMT1 overexpression might have an influence on H~2~O~2~-induced cytoskeleton rearrangement via the regulation of Rho GTPase. In addition, 'cell division' was only detected in L/L-H. H~2~O~2~ is known to arrest the multiphase cell cycle by the upregulation of cyclin-dependent kinases (CDKs) inhibitor \[[@CIT0020],[@CIT0021]\]. However, it was interesting that all CDKs identified were upregulated by H~2~O~2~ in LCMT1-overexpressing cells.

Altogether, the GO annotation comparison provided a comprehensive overview of the differential characteristics of the response to H~2~O~2~ between vector control and LCMT1-overexpressing cells, which might potentially relate to the impact of LCMT1 overexpression on oxidative stress.

3.4.. Overexpression of LCMT1 induced general dephosphorylation of proteins {#S003-S2004}
---------------------------------------------------------------------------

LCMT1 is the only known enzyme that catalyzes the methylation of PP2Ac. Knockdown of LCMT1 would lead to the loss of activity of PP2A and cell death \[[@CIT0022]\]. Moreover, LCMT1 coordinately regulates the carboxyl methylation of PP2A-related phosphatases and, consequently, their holoenzyme assembly and function \[[@CIT0023]\]. As an expected PP2A activator, LCMT1 overexpression induced the dephosphorylation of a majority (74.72%) of peptides in HEK293 cells. The consistency between the expected effects of overexpression of LCMT1 and the results of the data analysis emphasizes the validity of the phosphoproteomics data. To extract the features of dephosphorylation induced by LCMT1 overexpression, we performed a MotifX analysis on this group which revealed 10 significant motifs, i.e. KxxxSp, SpK, SpxK, SpxxK, SpxxxK, SpxxxxK, TpxxxxK, TpxxK, KxT, TxK ([Figure 4](#F0004){ref-type="fig"}). These motifs provided an insight into the features of the LCMT1-dependent PP2A-regulated dephosphorylation of proteins, which has not been described previously. Figure 4.Motif enrichment analysis of LCMT1 overexpression-specific dephosphorylated proteins. The results output from sequence motif enrichment analysis of the group of LCMT1 overexpression-specific dephosphorylated proteins using motif-x (<http://motif-x.med.harvard.edu/motif-x.html>). Significantly enriched motifs were shown (*p* \< 1E−06), with a sequence width of 15 and an occurrence threshold of 20.

3.5.. LCMT1 specifically controls hemoglobin and the cellular response to stimulus against H~2~O~2~ {#S003-S2005}
---------------------------------------------------------------------------------------------------

We have shown that LCMT1 overexpression arrests H~2~O~2~-induced activity damage. To investigate the possible mechanism, GO term enrichment analysis was performed to clarify the characteristics of LCMT1 overexpression-specific regulated proteins under H~2~O~2~ treatment ([Figure 5](#F0005){ref-type="fig"}). All of associated proteins were listed in Supplement data 1. Interestingly, 'cellular response to DNA damage stimulus' and 'regulation of cellular response to heat' were identified among biological process (BP) GO terms, and they are known to be a fundamental response to oxidative stress. In addition, 'oxygen transport' was also detected among the BP GO terms. Furthermore, [Table 2](#T0002){ref-type="table"} lists LCMT1 overexpression-specific altered proteins under H~2~O~2~ treatment, which are enriched in 'oxygen transport'. All hemoglobin subunits were upregulated dramatically by LCMT1 overexpression under H~2~O~2~ treatment. Non-erythrocytic hemoglobin has been reported in a variety of cells, including neurons, HEK293 cells, HepG2 cells and macrophages \[[@CIT0024]\]. The upregulation of hemoglobin is known as a potential mechanism against oxidative stress, which reduces the production of H~2~O~2~ and enhanced cell viability \[[@CIT0025],[@CIT0027]\]. The upregulation of hemoglobin might play an important role in the ability of LCMT1 overexpression to protect cells from oxidative stress. Figure 5.GO term enrichment analysis of differentially expressed and phosphorylated proteins in V-H/L-H. All terms were a biological process (BP) GO terms filtered by *P* \< 0.001.Table 2.List of proteins with LCMT1-specific regulated proteins in H~2~O~2~-treated cells, which can be linked to oxygen transport.Gene nameProtein nameRatio(L/L-H)Protein functionHBZHemoglobin subunit zeta0.768323The zeta chain is an alpha-type chain of mammalian embryonic hemoglobin.HBG2Hemoglobin subunit gamma-20.729674Gamma chains make up fetal hemoglobin F, in combination with alpha chains.HBG1Hemoglobin subunit gamma-10.729674Gamma chains make up fetal hemoglobin F, in combination with alpha chains.HBDHemoglobin subunit delta0.74453Involved in oxygen transport from the lung to the various peripheral tissues.HBBHemoglobin subunit beta0.768323Involved in oxygen transport from the lung to the various peripheral tissues.Note: The gene names and functions of these proteins are from the UniProt database.

3.6.. Overexpression of LCMT1 inactivated MAPK3 and regulated Rho signal transduction under H~2~O~2~ treatment {#S003-S2006}
--------------------------------------------------------------------------------------------------------------

Following H~2~O~2~ treatment, 60.30% of peptides were dephosphorylated by LCMT1 overexpression. The network of the MAPK and Rho GTPase signaling pathways was crucial under oxidative stress, which regulated signal transduction and the cytoskeleton. We found that the different responses to H~2~O~2~ between the vector control and LCMT1-overexpressing cells were related to cytoskeleton-related protein changes. Interestingly, the GO term 'microtubule-based process' was also detected in V-H/L-H ([Figure 5](#F0005){ref-type="fig"}). These findings indicated that LCMT1 overexpression could have profound effects on oxidative stress by altering cytoskeleton-related signals. To explore how LCMT1 overexpression modulated cytoskeleton-related signals, pathway enriched analyses were performed to analyze LCMT1 overexpression-specific regulated proteins under H~2~O~2~ treatment using KOBAS3.0 (<http://kobas.cbi.pku.edu.cn/)> \[[@CIT0028],[@CIT0029]\]. Some of KOBAS3.0 results were shown in Supplement data 2. In these terms, we had a special interest in proteins enriched in 'signaling by Rho GTPases' and 'negative feedback regulation of MAPK pathway'. These proteins regulated by LCMT1 overexpression under H~2~O~2~ had been shown in [Figure 6](#F0006){ref-type="fig"}. Figure 6.Overview of LCMT1 overexpression-specific regulated proteins under H~2~O~2~ treatment that are linked directly or indirectly to MAPK3 regulation and Rho signal transduction. These differentially expressed and phosphorylated proteins were from V-H/L-H. The colored symbol above each expression of protein and phosphosite indicated whether it was up- or downregulated. Proteins not identified in this study but representing crucial parts of the signaling pathway were shown in white with dotted outlines. The arrow indicated the direction of regulation between proteins.

Raf1 is known to act as a regulatory link between the membrane-associated Ras GTPases and the MAPK/ERK cascade. It can activate a MAPK cascade and inhibit signal transducers involved in motility (ROK-α) \[[@CIT0030]\]. Our data showed that LCMT1 overexpression upregulated the expression of Raf1 under H~2~O~2~ treatment. Surprisingly, downstream of Raf1, MAPK3(ERK1) was found to have 2 LCMT1 overexpression-specific downregulated phosphosites at Thr202 and Tyr204 that were known to be dephosphorylated and inactivated. These sites suggested that LCMT1 might directly dephosphorylate MAPK3 without necessarily reducing the expression of raf1. It has been reported that MAPK is an important intracellular pathway, activated by H~2~O~2~, and its inhibitor PD98059 is known to protect cells from highly reactive oxygen radicals \[[@CIT0031],[@CIT0032]\] ([Figure 6](#F0006){ref-type="fig"}). In addition to the MAPK signaling pathway, the Rho GTPase family members, which include Rho, Rac and Cdc42, also play a pivotal role in regulating actin cytoskeletal organization, cell-adhesive interactions, cell migration, and vesicle trafficking \[[@CIT0033]\]. Following H~2~O~2~ treatment, 5 LCMT1 overexpression-specific proteins with regulated phosphosites and 1 differentially expressed protein were identified, which regulated the activity of the Rho GTPase family ([Figure 6](#F0006){ref-type="fig"}). These phosphosites had not been reported to have functional specificity in previous studies. However, the majority of these proteins are known to have an ability to promote the activity of Rho GTPases. Among the differentially expressed proteins, kalirin had the ability to promote the exchange of GDP with GTP and activate specific Rho GTPase family members \[[@CIT0036]\] and was downregulated by LCMT overexpression. The downregulation of kalirin indicated that LCMT1 overexpression might induce the inactivation of Rho GTPases. It has been reported that the Rho kinase inhibitor Y26372 could also protect cells from highly reactive oxygen radicals \[[@CIT0031]\].

As an effector of Rho GTPases, WASP is known to regulate actin filament reorganization via its interaction with the Arp2/3 complex \[[@CIT0037]\]. We found that H~2~O~2~ upregulated WASP in the vector control cells, which may be associated with H~2~O~2~-induced morphological changes. However, LCMT1 overexpression could restore the upregulation of WASP induced by H~2~O~2~. c-Jun is a vital transcription factor regulated by Rho GTPase and MAPK3. The dephosphorylation of c-Jun is known to play a positive role in oxidative stress \[[@CIT0031],[@CIT0038]\]. In our study, c-Jun was found to have an LCMT1 overexpression-specific downregulated phosphosite at S73 under H~2~O~2~ treatment, known to be modulated and activated by JNK \[[@CIT0038]\] ([Figure 6](#F0006){ref-type="fig"}). Moreover, LCMT1 overexpression restored the H~2~O~2~-induced downregulation of c-Jun. In summary, our results suggest that LCMT1 overexpression inactivated MAPK3 and regulated Rho signal transduction under H~2~O~2~ treatment, which might act as an antioxidant mechanism.

4.. Discussion {#S004}
==============

Reactive oxygen species (ROS) have been suggested to be involved in a variety of human diseases. We have showed that LCMT1 overexpression rescued cell viability and the mitochondrial membrane potential decrease in response to oxidative stress \[[@CIT0015]\]. Additionally, ROS were found to inactivate PP2A \[[@CIT0041]\], and PP2A was reported to have the ability to protect PC12 cells against oxidative stress-induced cell death \[[@CIT0042]\]. So, it would be helpful to further explore the possible mechanism of LCMT1-dependent methylation of PP2Ac affecting oxidative stress. In this study, iTRAQ 4-plex proteomics and phosphoproteomics experiments were applied to investigate the effects of LCMT1 overexpression on oxidative stress. Taking advantage of bioinformatics tools, we obtained some further evidence to indicate that LCMT1 may play a positive role in H~2~O~2~-induced oxidative stress. GO term enrichment analysis of LCMT1 overexpression-specific regulated proteins under H~2~O~2~ treatment suggests that LCMT1 overexpression may be linked to the cellular response to stimulus induced by H~2~O~2~. In addition, we found that non-erythrocytic hemoglobin was upregulated by the overexpression of LCMT1 under H~2~O~2~ treatment. It has been reported that hemoglobin can prevent hydrogen peroxide-induced oxidative stress, acting as an antioxidative peroxidase \[[@CIT0043]\]. Furthermore, our results indicate that the LCMT1-dependent methylation of PP2Ac induces general dephosphorylation of proteins, which is related to the activation of PP2A. In addition, we found that LCMT1 overexpression induced the downregulation of 2 activating phosphorylations on MAPK3 (Thr202, Tyr204) and a phosphorylation on c-Jun(Ter73). These phosphorylation sites are known to be reversibly phosphorylated by H~2~O~2~, and PP2A could play a positive role in oxidative stress by regulating these phosphorylation sites \[[@CIT0042],[@CIT0044]\].

As a cellular second massager and one of the type of ROS, H~2~O~2~ may trigger many physiological and pathological processes, from cell proliferation to induce apoptosis or necrosis. Different cell fate outcomes are greatly dependent upon the level at which it exists. One limitation in our study is that only one concentration of H~2~O~2~ was detected. To fully understand the dynamic processes of H~2~O~2~ and the reaction of LCMT1 under oxidative stress, a series of concentrations and time point need be conducted. Further study also needs to be carried out to verify the molecular mechanism and the end point of effect of LCMT1 overexpression on H~2~O~2~ treatment, especially focus on the signaling pathway detected in our study.

In summary, our experimental data have provided proteomics and phosphoproteomics insights into the mechanism of the LCMT1-dependent methylation of PP2Ac against oxidative stress.
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